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of producing &aid device 



(57) A device for emitting radiation at a predeter- 
mined wavelength is disclosed, said device having a 
cavity comprising a first bulk region and a second bulk 
region of opposite conductivity type and wherein a bar- 
rier is provided for spatially separating the charge carri- 



ers of said first and said second region substantially at 
the antinode of the standing wave pattern of said cavity 
the recombination of the charge carriers at the barrier 
creating said radiation, the emission wavelength of said 
radiation being determined by said cavity 
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D scription 

Field f the inv ntion 

The present invention is related to the field of de- 
vices emitting electromagnetic radiation. More in partic- 
ular a semiconductor device that emits radiation at a 
predetermined wavelength is disclosed. A method of 
producing such device and applications of such device 
are also disclosed. 

Background of the invention 

Semiconductor devices that can emit non-coherent 
or coherent electromagnetic radiation are known in the 
art. A number of publications on semiconductor based 
electromagnetic radiation emitters deals with Light Emit- 
ting Diodes (LEDs) or Microcavity LEDs or f^icrocavity 
Lasers or Vertical Cavity Surface Emitting Lasers. Ex- 
amples of such publications are; 

H. De Neve, J. Btondelle, R. Baets, R Demeester. 
P. Van Daele, G. Borghs, IEEE Photon. Technol. 
Lett. 7 287 (1995); 

E.F. Schubert. N.E.J. Hunt, R.J. Malik. M. Micovic, 
D.L. Miller, "Temperature and Modulation Charac- 
teristics of Resonant-Cavity Light-Emitting Diodes", 
Journal of Lightwave Technology, 14(7), 1721-1729 
(1996); 

T Yamauchi and Y. Arakawa, Enhanced and inhib- 
ited spontaneous emission in GaAs/AIGaAs vertical 
microcavity lasers with two kinds of quantum wells. 
Appl. Phys. Lett. 58 (21), 2339 (1991): 
TJ. de Lyon, J.M. Woodall. D.TMclnturff. R.J.S. 
Bates, J. A. Kash, P.D. Kirchner, and F. Cardone, 
"Doping concentration dependence of radiance and 
optical modulation bandwidth in carbon-doped 
Gaoj tno.49P/GaAs light-emitting diodes grown by 
gas source molecular beam epitaxy"Appl. Phys. 
Lett. 60 (3), 353-355 (1992): 
D.G. Deppe, J.C. Campbell, R. Kuchibhotia, T.J. 
Rogers, B.G. Streetman, "Optically-coupled mirror- 
quantum well InGaAs-GaAs light emitting diode", 
Electron. Lett. 26 (20). 1665 (1990); 
M. Ettenberg. M.G. Harvey, D.R. Patterson, "Linear, 
High-Speed, High-Power Strained Quantum-Well 
LED's", IEEE Photon. Technol. Lett. 4 (1). 27 
(1992): 

United States Patent 5,089,860 Deppe, et. al. Feb. 
18: 1992, "Quantum well device with control of 
spontaneous photon emission, and method of man- 
ufacturing same"; 

EP-0550963 of Cho, et al "An Improved Light Emit- 
ting Diode". 

The presence of a combination of critical parame- 
ters in the fabrication of Vertical Cavity Surface Emitting 
Lasers (VCSELs) makes such lasers suffer from nonu- 



2 

niformity effects over an epitaxially-grown wafer Exam- 
ples of parts of said VCSELs with critical parameter val- 
ues are the two distributed Bragg Reflectors (DBRs). the 
cavity thickness and the thickness of the quantum well 
5 (i.e. the active region). This problem so far has limited 
array-production of operational VCSELs to 8*8 arrays. 
Such 8*8 VCSEL array was disclosed in the publication 
"Fabrication of High-Packaging Density Vertical Cavity 
Surface-Emitting Laser Arrays Using Selective Oxida- 
tion" IEEE Phot. Techn. Lett. 8. 596 (1996), by Huffaker 
et al. Furthermore, the high current density needed for 
efficient operation of lasers (due to the threshold current 
needed for achieving inversion) limits the simultaneous 
operation of many laser elements in array applications. 
In addition, though VCSELs allow high-speed small-sig- 
nal modulation, VCSELs cannot be used efficiently for 
high-speed large-signal modulation due to the presence 
of a threshold current. 

The development of Microcavity light-emitting di- 
odes (p cavity LEDs) has created efficient and spectral- 
ly-narrow semiconductor light sources other than lasers 
in general and VCSELs in particular. In contrast to la- 
sers, |i cavity LEDs do not suffer from any threshold be- 
haviour. State-of-the-art Microcavity LEDs have only 
one DBR, a wavelength cavity and one or more quantum 
wells that need to be matched in thickness, making de- 
sign and production less critical. The absence of a 
threshold in Microcavity LEDs results in far lower current 
densities being required for array applications. The in- 
creased electrical to optical power efficiency of state-of- 
the-pcavity LEDs as compared to conventional LEDs 
improves the applicability of these ficavity LEDs in ap- 
plications such as optical interconnection systems (in 
particular as arrays of electromagnetic radiation-emit- 
ters) and display applications and systems that are crit- 
ical on the power budget. State-of-the-art jicavity LEDs 
use one or more quantum welts in the centre of the cavity 
(see fig. 1) that all have to be identical and matched to 
the cavity wavelength. Electrons and holes flow from op- 
posite sides into the quantum wells and recombine. 
Switch-on and switch-off of the (icavity LEDs are in es- 
sence radiative recombination time limited or RC time 
constant limited depending on which one is shorter The 
use of several quantum wells has proven to be essential 
to reduce saturation in one quantum well, but moves the 
carrier localisation away from the localisation at the anti- 
node of the standing-wave pattern in the cavity. The use 
of several quantum wells also slows the response and 
the switch-on and switch-off of the ^cavity LEDs. 

However, for array production of n cavity LEDs, as 
for instance for optical interconnects, nonuniformities in 
the growth of these |i cavity LED and the signal modu- 
lation speed remain critical issues. In the design of }j 
Cavity LEDs one makes use of a quantum well to ensure 
carrier recombination at the centre of the cavity stand- 
ing-wave pattern (see H. De Neve, J. Blondelle, R. Ba- 
ets, P. Demeester P. Van Daele, and G. Borghs in IEEE 
Photon. Technol. Lett. 7, 287 (1995)). In the design of 
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Other state-of-the-art \i cavity LEDs such as disclosed 
by J. Blondelle, H. De Neve, R Demeester, P. Van Daele, 
G.Borghs andR. BaetsinEI. Lett. 31, 1286 (1995) three 
quantum wells were used to boost efficiency. In said 
publication, the efficiency of a p cavity LED is boosted 
by preventing saturation, at the cost of moving part of 
the active layer away from the localisation at the anti- 
node of the standing-wave pattern in the cavity making 
the efficiency enhancement less pronounced. Thick- 
ness variations of the quantum well across a sample 
move the emission wavelength in the different area's of 
the sample away from the cavity wavelength which re- 
duces the extemal efficiency Furthermore, this device 
requires the thickness of the quantum well to be exactly 
matched to the wavelength of the cavity. 

Ultra-high speed modulation in semiconductor- 
based electromagnetic radiation emitting devices in pri- 
or art publications so far was disclosed only for VCSELs 
or inefficient LEDs. TJ. de Lyon, J.M. Woodall, D.T 
Mclnturff, R.J.S. Bates, J.A. Kash, RD. Kirchner. and R 
Cardone, in "Doping concentration dependence of radi- 
ance and optical modulation bandwidth in carbon -doped 
Gao , InQ 4gP/GaAs light-emitting diodes grown by gas 
source molecular beam epitaxy" Appl. Rhys. Lett. 60 (3), 
353-355 (1992) disclose a method of making high- 
speed LEDs by highly doping the active region of the 
LED, which leads to fast non-radiative recombination 
and hence a high-speed response of the LED. The re- 
sulting gain in speed however is more than compensat- 
ed by a reduction in quantum efficiency which is incom- 
patible with its use in arrays. 

EP-0473983 discloses a light emitting device, the 
device concept of which uses cavity quantum electro- 
dynamics. This device concept is based in the presence 
of a quantum well layer adjacent to a barrier layer. The 
device concept of ER-0473983 suffers a.o. from the 
problems of: 

(1) limited power performance: 

(2) slow switch-off time: and 

(3) emission wavelength shift during operation. 

Aim of the invention 

It is an aim of the present invention to provide a 
semiconductor-based device emitting electromagnetic 
radiation, which has a high quantum efficiency and 
wherein the precise thickness of the layers composing 
the device are not critical. The fact that the thicknesses 
of the layers composing the device are not critical will 
allow higher yield in growing the structures and higher 
yield across a wafer. The absence of carrier trapping 
phenomena in the device according to the invention al- 
lows fast charge separation and thus leads to ultra-high 
speed large-signal modulation previously only observed 
in VCSELs or inefficient LEDs. 

The present invention removes the critical thick- 
ness of the quantum well (or more quantum wells) of 



prior art light-emitting devices by replacing it with a bulk 
layer or a bulk structure, so as to ensure homogenous 
efficiency over a larger array of devices over a wafer. To 
ensure no loss in external efficiency, carrier localisation 

5 at the anti-node of the standing-wave pattern in the cav- 
ity is obtained by the addition of a barrier layer with non- 
critical thickness. This leads to an electronnagnetic radi- 
ation emitting device with very high extemal efficiency 
and with a minimal variation in device characteristics 

10 when an array of devices is formed on one semiconduc- 
tor wafer. 

Summary of the invention 

IS A device for emitting electromagnetic radiation at a 
predetermined wavelength is disclosed, said device 
having a cavity comprising a first bulk region of one con- 
ductivity type and a second bulk region of opposite con- 
ductivity type and wherein a barrier is provided for spa- 

20 tially separating the charge carriers of said first and said 
second bulk region, said barrier being near the antinode 
of the standing wave pattern of said cavity, the recom- 
bination of the charge carriers of the different conduc- 
tivity types at/across the barrier creating said radiation. 

25 The emission wavelength of said radiation is affected or 
influenced by said cavity. Said first bulk region is adja- 
cent to and abuts said barrier. Said second bulk region 
is adjacent to and abuts said barrier With bulk region it 
is meant a region of sufficient thickness for having the 

30 quantisation effects on the charge carriers being negli- 
gibly and much smaller than the thermal energy (kT) of 
the charge carriers. Thus, the quantisation effects of a 
bulk region are not measurable in the emission of the 
radiation and these effects have no impact compared to 

35 the Irnewidth of the emitted wavelength. Thus, such bulk 
region, e.g. is not a quantum well. Said barrier can be a 
third region in said cavity providing a barrier for transport 
of said charge carriers in-between said first and said 
second region, the charge carriers of one conductivity 

40 type thereby being trapped at one side of said barrier in 
either one of said first or second regions, the charge car- 
riers of the other conductivity type being injected from 
the other side of said barrier, the recombination of the 
charge carriers of the different conductivity type creating 

45 said radiation. The device can further comprise a mirror 
being provided on the surface of one of said first or said 
second region; and a mirror or semi-transparent mirror 
being provided on the surface of another of said first or 
said second region. An array of such devices can be 

so made wherein said devices are provided on one sub- 
strate. Said first and said second regions can each con- 
sist in essentially a first material with a first bandgap. 
the third region consisting essentially in a third material 
with a third bandgap. In an altemative embodiment of 

ss the present invention, said first and said second regions 
consist in essentially a first material and essentially a 
second material respectively with a first and a second 
bandgap respectively The first region and the second 
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region in both embodinnents can also comprise layers 
of a fourth or fifth or further materials. 

The cavity can be a single wavelength cavity, a so- 
called >,-cavity. The cavity can also be a so-called nX- 
cavity. These terms X-cavity and nX-cavity are well- 
known in the state of the art, such a cavity being also 
well-known in the state of the art. 

Further is disclosed a method of producing a device 
for emitting electromagnetic radiation at a predeter- 
mined wavelength, comprising the steps of: depositing 
a first layer including a first material with a first bandgap 
and having a refractive index n^ and with charge carriers 
of a first conductivity type on a substrate; depositing a 
third layer of a third material with a third bandgap on said 
first layer, said third bandgap being larger than said first 
bandgap: and depositing a second layer of substantially 
the same thickness as said first layer on said third layer 
said second layer being provided with charge carriers 
of a second conductivity type, the total thickness of said 
first and said second regions having a value of about 
said predetermined wavelength divided by ni: while 
maintaining during said deposition steps at least one 
surface of said first layer and one surface of said second 
layer essentially parallel. The method can further com- 
prise the step of depositing a mirror layer on said sub- 
strate. 

Brief description of the drawings 

Figure 1 shows the band diagram of a state-of-the- 
art lacavity LED device for achieving high 
external efficiency. 

Figure 2 shows a schematic cross-sectional view of 
an electromagnetic radiation-emitting de- 
vice according to an embodiment of the 
present invention. 

Figure 3 shows part of the band diagram of the elec- 
tromagnetic radiation-emitting device ac- 
cording to an embodiment of the present in- 
vention. 

Figure 4 shows the principle of operation of the elec- 
tromagnetic radiation-emitting device ac- 
cording to an embodiment of the present in- 
vention. 

Figure 5 shows the spectral optical output for sever- 
al drive currents for the electromagnetic ra- 
diation-emitting device according to an em- 
bodiment of the present invention. 

Figure 6 shows the angular distribution of the emit- 
ted electromagnetic radiation of the elec-- 
tromagnetic radiation-emitting device ac- 
cording to an embodiment of the present in- 
vention. 

Figure? shows the optical power output versus 
electrical drive current of the electromag- 
netic radiation-emitting device according to 
an embodiment of the present invention. 

Figure 8 shows the optical response versus time for 



the electromagnetic radiation-emitting de- 
vice according to an embodiment of the 
present invention. 
Figure 9 compares the transient response of the 

5 electromagnetic radiation-emitting device 

according to the present invention and 
state-of-the art LEDs. The devices of the 
present invention have nominally identical 
layers, nominally identical quantum effi- 

10 ciency, but have different ITO contacts. The 

characteristics of a conventional GaAs 
quantum well LED without microcavity and 
of a conventional double-heterostructure 
LED without quantum well and without mi- 

'5 crocavity. 

Figure 10 shows a comparison of the power to elec- 
tromagnetic radiation conversion efficiency 
of the electromagnetic radiation-emitting 
device of the present invention with state- 

20 of-the-art semiconductor based electro- 

magnetic radiation emitting devices. 

Detailed description of the invention 

25 In relation to the appended drawings, the present 
invention is described in detail in the sequel. Several 
embodiments including a preferred embodiment are dis- 
closed. It is apparent however that the person skilled in 
the art can imagine several other equivalent embodi- 

30 ments or other ways of practising the present invention, 
the spirit and scope thereof being limited only by the 
terms of the appended claims. 

In a preferred embodiment of the present invention, 
in this section a device for emitting electromagnetic ra- 

35 diation at a predetermined wavelength is disclosed, said 
device comprising a first and a second region of sub- 
stantially the same thickness each consisting essential- 
ly in a first material with a first bandgap and having a 
refractive index ni said first region having charge car- 

•^0 riers of a first conductivity, said second region having 
charge carriers of a second conductivity type, the total 
thickness of said first and said second region having a 
value of about said predetermined wavelength divided 
by n^. at least one surface of said first region and one 

^5 surface of said second region being essentially parallel; 
said device further comprising a third region consisting 
essentially of a third material with a third bandgap in- 
between said first and said second region, said third 
bandgap being larger than said first bandgap. The total 

so precise thickness of said first and said second regions 
and the thickness of said third region are determined 
according to a calculation optimising these different 
thicknesses depending on the choice of the materials 
and radiation etfici ncy constraints according to th 

55 principle of the invention. The device of the preferred 
embodiment is provided on a substrate, said substrate 
consisting essentially of said first material, said first and 
second and third regions being in an epitaxial relation- 
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ship one with another. According to the preferred em- 
bodiment, said first material and said third material are 
selected from the group of lll-V semiconducting materi- 
als, the radiation being electromagnetic radiation, the 
specific wavelength of the electromagnetic radiation be- 
ing dependent on the specific lll-V material. In the case 
that said first material is GaAs, the emission wavelength 
will be in the range of 820 to 900 nm and about 855 nm. 
In the case that said first material is AtGaAs the emission 
wavelength will be in the range of 700 to 865 nm. In the 
case that said first material is InGaAs the emission 
wavelength will be in the range of 855 to 900 nm. In the 
case that said first material is InAs, the initial wavelength 
will be in the range of 3500 nm. The charge carriers of 
the first conductivity type are electrons or holes and said 
charge carriers of a second conductivity type then holes 
or electrons respectively. 

Figure 2 shows a first specific embodiment of the 
preferred embodiment of the present Invention. A GaAs 
electromagnetic radiation-emitting device is provided. 
This electromagnetic radiation-emitting device emits 
electromagnetic radiations at a predetermined wave- 
length X. X is to be in the range of 820 to 900 nm, the 
bulk emission wavelength of n-doped GaAs being 855 
nm. This device comprises a conductive bottom mirror 
(4). The conductive bottom mirror (4) can be fabricated 
to reflect or a predetermined emission wavelength in the 
range of about 820 to about 900 nm or alternatively this 
broad wavelength range said mirror (4) can be a Distrib- 
uted Bragg Reflector (DBR) or a metallic mirror. The 
semiconductor electromagnetic radiation-emitting de- 
vice further comprises a wavelength (X)-cavity (1 ) being 
made of GaAs, with a thin AtAs layer (9) at the antinode 
of the standing-wave pattern in the wavelength-cavity 
(in this case the centre of the cavity). The thickness of 
the AlAs layer can be about 6 to 8 nm: in general the 
layer in the centre of the cavity should be sufficiently thin 
to allow for tunnelling or for thermo-tonic emission of 
charge carriers (electrons or holes) through the layer 
The charge carriers in the GaAs layers (7, 8) of the X- 
cavity on either side of the AlAs layer are to be of the 
opposite type. Hereto the GaAs can be doped with Si- 
atoms, forming n-type charge carriers (electrons) or with 
Be-atoms, forming p-type charge carriers (holes). In an 
alternate embodiment, AIGaAs can be used as a top lay- 
er on top of the GaAs layers to reduce the absorption of 
the cavity. In such case, this AIGaAs layer and the GaAs 
constitute together the first or second region. The wave- 
length cavity is to have a thickness in this first embodi- 
ment of the invention of about 250 nm (X divided by the 
refractive index of GaAs) . The electromagnetic radia- 
tion-emitting device further comprises a conductive top 
mirror (3). The conductive top mirror can be the GaAs/ 
transparent contact interface or again a DBR. It can also 
be a AlOjc/GaAs mirror structure. Ohmic contacts (5, 6) 
can further be provided to either mirror (3, 4). 

In a second embodiment, the semiconductor elec- 
tromagnetic radiation -emitting device is deposited on a 



GaAs substrate. Possibly, the structure can be grown 
by molecular beam epitaxy. A typical growth comprises 
the following layers. 

5 (i) A bottom mirror, preferably a Distributed Bragg 

Reflector (DBR) reflecting the desired emission 
wavelength X. This DBR is a stack of X/4 GaAs and 
AlAs layers (or AlGaAs/AIAs layers) in this embod- 
iment, but can be any material consisting of X/4 lay- 

10 ers of two materials with a different index of refrac- 
tion; 

(ii) An AIGaAs X-cavity with a thin AlAs layer in the 
centre of the cavity (i.e. at the maximum of the 
standing-wave pattem for the wavelength of the 

IS cavity). 

(iii) A top mirror consisting of the AIGaAs/air inter- 
face. This mirror could also be a thin metallic film, 
or a DBR or an AlO^GaAs structure. 

(iv) A transparent Indium Tin Oxide (ITO) contact is 
20 sputtered on the sample using photolithographical- 

ly-defined mesas. This transparent Indium Tin Ox- 
ide (ITO) film is used as an ohmic contact. In prin- 
ciple, any ohmic contact ring could also be used 
provided it covers a sufficiently small area of the 

25 sample to allow for electromagnetic radiation emis- 
sion when using ITO mesas. Mesas can be defined 
without additional lithography using wetchemical 
etching. The current state-of-the-art mesa etch 
stops 10-40 nm above the active layer to mimimize 

30 surface recombination effects. 

In an example of the invention, as detailed herbe- 
low, the samples are grown by molecular beam epitaxy 
on n-i- (Si)-doped GaAs substrates and comprise a n-h 

35 (3eE18 cm-3) GaAs buffer layer (approximately 600 
nm), a Distributed Bragg Reflector (DBR) consisting of 
1 0 periods (58.2 nm GaAs/ 71 . 1 nm AlAs) n+ (3E1 8 cm- 
3), i.e. X/4 layers for the desired wavelength of opera- 
tion, followed by a wavelength cavity. The wavelength 

40 cavity consists of a 62 nm n-t- (3E18 cm-3) doped AI- 
GaAs optimalisation light-output A10.3GaO.7As clad- 
ding/bottom contact layer followed by a 25 nm (3E18 
cm-3) GaAs bottom contact layer a 20 nm GaAs (1E17 
cm-3) spacer layer, a 5 nm undoped GaAs spacer layer 

45 a 8 nm undoped AlAs barrier layer a 5 nm undoped 
GaAs spacer layer, a 20 nm p-GaAs (Be-doped) (IE 17 
cm-3) spacer layer a 25 nm p-i-GaAs (Be-doped) (3E1 8 
cm-3) cladding/contact layer, a 64 nm p+ doped (3E18 
cm-3) A10.3GaO.7As cladding/contact layer and finally 

so a 10 nm heavily p-doped (1E20 cm-3) GaAs top contact 
layer 

The top mirror is formed by the GaAs/air or after 
processing the GaAs/ITO interface. ITO stands for Indi- 
um Tin Oxide and is used as a contact material. 
ss In summary the epitaxial structure is composed of: 
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(continued) 



64 nm 


AI.3Ga.7As:Be 


3e18 


25 nm 


GaAs:Be 


3e18 


20 nm 


GaAs:Be 


1e17 


5 nm 


GaAs 




8 nm 


AlAs 




5 nm 


GaAs 




20 nm 


GaAs: Si 


1e17 


25 nm 


GaAs: Si 


3e18 


nm 


AI.3Ga.7As,Sl 


3e18 


71.1 nm 


AIAs:Si 


3e18 


58.2 nm 


GaAs: Si 


3e18 


71.1 nm 


AlAs: Si 


3e18 —I *9 


58.2 nm 


GaAs: Si 


3e18 —I 


500 nm 


GaAs: Si 


3e18 (bottom) 




Substrate 


GaAs 2" n-doped 



The 71.1 nm AlAs down to 58.2 GaAs constitutes a 
Distributed Bragg Reflector. *9 indicates a repetition of 
the layers. 

The doping sequence can be inverted: p-doped 
substrate, p-doped bottom contact, and n-doped top 
contact layers. 

The above layer structure was designed for electro- 
magnetic radiation emission at 855 nm. 

The principle of operation of the electromagnetic ra- 
diation emitting device of the present invention is as fol- 
lows. 

(i) The proposed device structure provides vertical 
localisation of the electromagnetic radiation emis- 
sion by inclusion of a barrier layer, preferably a sin- 
gle barrier layer. Electrons and holes accumulate 
on either side of the barrier (10, 11 ) (see fig. 4). The 
electrons form a 2-Dimensional Electron Gas 
(2DEG) in the accumulation layer. The main source 
of electromagnetic radiation is assumed to be a re- 
combination (13) that takes place between these 
electrons and the both therm ion ically and by tunnel- 
ling ( 1 2) injected holes. The use of a 2DEG and the 
high accumulation in a single 2DEG versus the use 
of several quantum wells in the state-of-the-art op- 
timizes the microcavity effects as will be apparent 
from the optical experiments. 

(ii) In the electron accumulation layer (10), the 
quantization energy in the 2DEG is very small, lead- 
ing to an emission wavelength that shows a negli- 
gible dependence on geometry. This creates a sub- 
stantially constant emission wavelength (in es- 
sence the bulk emission wavelength) over a wafer 
which is not the case when using a quantum-well 
layer according to the state of the art. 

As a result, the electromagnetic radiation emitting 
device of the present invention achieves very homoge- 



neous efficiency over an epitaxially-grown waf r due to 
constant bulk emission combined with weakly depend- 
ent mirror/cavity change. The efficiency of conventional 
state-of-the-art electromagnetic radiation emitting de- 
5 vices depends on the thickness of the active layer and 
the cavity. In addition, the electromagnetic radiation 
emitting device of the present invention has a low ca- 
pacitance: the single-barrier allows fast charge separa- 
tion and leads to ultra-high-speed large signal modula- 
10 tion. Gbit/s modulation has been demonstrated. 

The Optical characteristics of the electromagnetic 
radiation-emitting device according to the present in- 
vention are as follows: under forward bias, the device 
emits electromagnetic radiation at the cavity wavelength 
IS (855 nm in the example). Because of the low reflectivity 
of the top mirror (by using the air/ITO interface as a top 
mirror), the angular distribution of the emitted electro- 
magnetic radiation is still Lambertian and spectral nar- 
rowing is also not observed. The optical spectra for sev- 
20 eral drive currents (0.3 mA, 1 mA and 10 mA) are shown 
in fig. 5. Line widths of the emitted electromagnetic ra- 
diation of the electromagnetic radiation emitting device 
according to the present invention are 25 nm and satu- 
ration effects are not observed. Linewidth broadening is 
^5 also very small. The angular distribution of the emitted 
electromagnetic radiation is shown in fig. 6. The emis- 
sion is purely Lambertian, identical to a conventional 
LED. For comparison the angular distribution of a refer- 
ence standard LED is measured and plotted in fig. 6 as 
30 well as the calculated Lambertian lineshape. 

The optical power output of the device of the exam- 
ple was measured using a calibrated optical power me- 
ter at a given distance from the electromagnetic radia- 
tion emitting device according to the present invention 
thereby collecting a calibrated fraction of the total power 
The total power is plotted versus DC\ drive current in fig. 
7. From the optical power follows the external quantum 
efficiency 



drive photon 

The external quantum efficiency amounts to 8 % for 
the electromagnetic radiation-emitting device of the 
present invention in good agreement with the simulated 
value of 9 % for the given device layer structure. 

The speed of the device according to the example 
of the present invention is measured by large signal 
modulation. Electrical pulses from OV to 3V forward bias 
with 60 ps risetime and 120 ps fall time were applied 
and the optical response was measured. Optical collec- 
tion used either a 1 GHz Hamamatsu optical detector in 
combination with a 2.5 GHz Tektronix digitizing oscillo- 
scope or a Hamamatsu streakscope (25 ps timing res- 
olution). The optical response is shown in fig. 8. The 
1 0-90 % rise and fall times amount to 800 ps, from which 
a 3dB frequency of 0.6 GHz is derived. The rise and fall 
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times are four times shorter than conventional LEDs 
which have been tested for comparison (see fig. 9). 

Tunnelling LEDs without ^cavity were made for 
comparison and show rise and fall times of only 1 80 ps. 
corresponding to a 3dB frequency of 2.2 Ghz. The 
present limitation of the devices of the present invention 
is thought to be due to the large contact resistance of 
the ITO-GaAs contact, which was not used for the tun- 
nelling LEDs without ^icavity. 

The electromagnetic radiation emitting device of the 
present invention can be used for short-distance tele- 
communication applications or general display applica- 
tions. 

Another application can be in a system for providing 
an optical interconnect between two chips. The system 
is a basic building structure for parallel optical intercon- 
nects between chips. Image fibers, well know from med- 
ical imaging, and used among others in endoscopes, 
transport an image from one place to another with a one 
to one correlation between light input and light output 
image. Arrays of electromagnetic radiation emitting de- 
vices can be spaced very densely, in arrays on a pitch 
of 50 micron or even less. Such array of electromagnetic 
radiation emitting devices forms together with an image 
fiber a basic structure for a parallel optical interconnect. 
By abutting the image fiber even without lenses or ta- 
pers to the array of electromagnetic radiation emitting 
devices being integrated on for instance a CMOS chip, 
a parallel optical interconnect is formed. The signals be- 
ing generated in this chip are transmitted through the 
array of electromagnetic radiation emitting devices to a 
second chip. Glue or adhesive forms a means to fabri- 
cate a solid construction. The person skilled in the art of 
chip-packaging knows which glue can be used, and how 
alignment can be obtained. The electromagnetic radia- 
tion emitting devices of the present invention are bond- 
ed on the CMOS chip and the electrical signals gener- 
ated in the CMOS chip trigger the electromagnetic radi- 
ation emission of one or a plurality of the electromag- 
netic radiation emitting devices of the array. The emitted 
electromagnetic radiation is transmitted through the im- 
age fiber and is detected in an optical thyristor or a 
CMOS based detector being bonded or integrated in the 
second chip. 



Claims 

1 . A device for emitting electromagnetic radiation at a 
predetermined wavelength, said device having a 
cavity comprising a first bulk region of a first con- 
ductivity type and a second bulk region of a second 
conductivity type, and wherein a barrier is provided 
for spatially separating the charge carriers of said 
first bulk region and said second bulk region, said 
barrier b ing substantially at the antinode of the 
standing wave pattern oi said cavity, the recombi- 
nation of the charge carriers at the barrier creating 



said radiation, said first region being adjacent to 
said barrier and said second region being adjacent 
to said barrier 

5 2. The device as recited in claim 1 , wherein the emis- 
sion wavelength of said radiation is affected by said 
cavity. 

3. The device as recited in claim 1 wherein said barrier 
10 is a third region in said cavity providing a barrier for 

transport of said charge carriers in-between said 
first region and said second region, the charge car- 
riers of either one of said conductivity types thereby 
being trapped at either one side of said barrier in 
15 either one of said first or second regions, the charge 
carriers of the other conductivity type being injected 
from the other side of said barrier the recombina- 
tion of the charge carriers of the different conduc- 
tivity type creating said radiation. 

20 

4. The device as recited in claim 1 wherein 

said first region and said second region have 
substantially the same thickness consisting es- 

25 sentiaily of a first material with a first bandgap 

and having a refractive index n, , the total thick- 
ness of said first and said second region having 
a value of about said predetermined wave- 
length divided by n^ , at least one surface of said 

30 first region and one surface of said second re- 

gion being essentially parallel: 
and said third region is consisting essentially of 
a third material with a third bandgap in-between 
said first and said second region, said third 

35 bandgap being larger than said first bandgap. 

5. The device as recited in claim 1 , wherein 

said first region and said second region are of 
40 substantially of the same thickness, the first re- 

gion consisting essentially in a first material 
with a first bandgap and having a refractive in- 
dex n^ the second region consisting essentially 
In a second material with a second bandgap 
45 and having a refractive index n2, the total thick- 

ness (d) of said first region (di ) and said second 
region (dg) having a value d equal to about d^ 
+ dg and being essentially determined accord- 
ing to the relation n1 d1 + n2 d2 = X. X being 
50 said predetermined wavelength, and 

said third region is consisting essentially of a 
third material with a third bandgap in-between 
said first and said second region, said third 
bandgap being larger than said first bandgap. 

55 

6. The device as recited in claim 4 or 5 further com- 
prising a mirror being provided on the surface of one 
of said first or said second region: and a semi-trans- 
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parent mirror being provided on the surfac of an- 
other of said first or said second region. 

7. The device as recited in claim 6 being provided on 
a substrate. 

8. The.device as recited in claim 7 wherein said sub- 
strate, said first, said second and said third regions 
are in an epitaxial relationship. 

9. The device as recited in claim 7 wherein said first 
material and said third material are selected from 
the group of lll-V semiconducting materials, said ra- 
diation being light. 

10. The device as recited in claim 9 wherein said charge 
carriers of a first conductivity type are electrons and 
said charge carriers of a second conductivity type 
are holes. 

11. The device as recited in claim 9 wherein said charge 
carriers of a first conductivity type are holes and 
said charge carriers of a second conductivity type 
are electrons. 

12. The device as recited in claim 11 wherein said first 
material is GaAs and said third material is AlAs, and 
wherein said mirror is a Distributed Bragg Reflector 
selectively reflecting said predetermined wave- 
length. 

13. The device as recited in claim 1 , wherein said bar- 
rier is sufficiently thin to allow for tunnelling or for 
thermo-ionic emission of the charge carriers 
through or respectively over said barrier 

14. An array of devices as recited in claim 1, each of 
said devices emitting radiation at substantially the 
same wavelength. 

15. The array of devices as recited in claim 14 wherein 
said devices are provided on one substrate, said 
substrate consisting essentially of said first materi- 
al. 

16. A method of producing a device for emitting elec- 
tromagnetic radiation at a predetermined wave- 
length, comprising the steps of : 

depositing a first layer including a first material 
with a first bandgap and having a refractive in- 
dex n^ and with charge carriers of a first con- 
ductivity type on a substrate; 
depositing a third layer of a third material with 
a third bandgap on said first layer said third 
bandgap being larger than said first bandgap; 
and 

depositing a second layer of substantially the 



same thickness as said first layer on said third 
layer said second layer being provided with 
charge carriers of a second conductivity type, 
the total thickness of said first and said second 

5 region having a value of about said predeter- 

mined wavelength divided by n^: 
while maintaining during said deposition steps 
at least one surface of said first layer and one 
surface of said second layer essentially paral- 

10 lel. 

17. The method as recited in claim 16 further compris- 
ing the step of depositing a mirror layer on said sub- 
strate. 

15 

18. The method as recited in claim 16 wherein said 
steps of depositing said layers comprise the steps 
growing said layers epitaxially on said substrate. 

20 19. The method as recited in claim 18, wherein said 
substrate is composed of said first material. 
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the antinode of the standing wave pattern of said cavity, 
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